Abstract: When the antitumor activity of cisplatin was discovered, no one would have thought of the existence of specific proteins able to transport Pt across the cell membrane or to specifically recognize DNA modified by this drug. However, such proteins do exist and, furthermore, are specific for the Pt substrate considered. It follows that proteins are deeply involved in managing the biological activity of cisplatin. It is expected that, after the first 20 years in which most of the efforts were devoted to understanding its mode of interaction with DNA and consequent structural and functional alterations, the role of proteins will be more deeply scavenged. How cisplatin can survive the attack of the many platinophiles present in the extracellular and intracellular media is the issue addressed in this article. Significantly, differences are observed between cisplatin, carboplatin, and oxaliplatin.
INTRODUCTION
Cisplatin, cis-diamminedichloridoplatinum(II), has been the first inorganic antitumor drug used in clinics [1] and, after more than 30 years, remains one of the most widely used and successful drugs in cancer therapy [2, 3] .
Today, cisplatin is routinely used, alone or in combination with other anticancer drugs, for the treatment of lung, ovary, testes, and bladder cancers [4] and shows activity against slow-growing as well as rapidly-growing tumors. However, as with all chemotherapeutic drugs, cisplatin also has drawbacks, including intrinsic or acquired resistance and toxicity. Toxicity and resistance have both a negative influence on the cure rate [5, 6] .
Some of the severe safety issues have been brought to solution by the introduction of carboplatin, which is equally effective to cisplatin, but with a more acceptable side-effect profile (Fig. 1) .
A key development, in more recent years, has been the elucidation of mechanisms of tumor resistance to cisplatin, which include decreased membrane transport of the drug [7, 8] , increased cytoplasmic detoxification [9, 10] , increased DNA repair [11] [12] [13] , and increased tolerance to DNA damage [14] [15] [16] .
The efforts to circumvent mechanisms of resistance and thereby broaden the clinical utility of this class of agents have resulted in the discovery of oxaliplatin (active in patients with colorectal cancer), satraplatin (the first orally administered Pt drug, which shows promise in patients with prostate cancer), and picoplatin (currently in phase III trials against small-cell lung cancer, prostate cancer, and colorectal cancer). These drugs are shown in Fig. 1 .
correlate with concentrations of cis-{Pt(NH 3 ) 2 [d(GpG)]} metabolite in physiological fluids. This latter represents the final product of degradation of the major cisplatin adduct with DNA, the intrastrand cross-link to adjacent guanines which amounts (together with the analogous cis-{Pt(NH 3 ) 2 [d(ApG)]} adduct) to about 90 % of the total. Note that in this metabolite cisplatin has lost the two chlorido ligands but has kept the two ammines.
How cisplatin can survive the attack of the many platinophiles present in the extracellular and intracellular media is the issue addressed in this article.
DISCUSSION

Cellular uptake of Pt drugs
Although passive diffusion through the plasma membrane has been suggested by a number of studies and, at the present, has not been ruled out [29] [30] [31] ; cellular uptake of Pt drugs may also involve carriers/channels as well as various endocytic routes [32] , particularly macropinocytosis [33] . The efflux is generally energy-dependent and biphasic with a rapid early phase and a very long secondary phase [34, 35] . The kinetics of uptake and efflux of Pt drugs appear to follow a parallel pattern with those of the essential metal Cu [34, 35] . This has suggested that the Cu transporters are also involved in the uptake, intracellular transport, and efflux of Pt drugs.
The role of the Cu transporter Ctr1
Deletion of the yeast and mouse Ctr1 gene, coding for a high-affinity Cu transporter, results in increased cisplatin resistance and decreased cisplatin accumulation [36] . By contrast, human ovarian carcinoma cell lines overexpressing Ctr1 exhibit an increase in cisplatin import [37] . ATP7A and ATP7B, two Cu efflux transporters, are also involved in cisplatin efflux [38] [39] [40] . Although these observations suggest that cisplatin uptake and efflux employ Cu transporters, the mechanism by which these proteins transport the different chemicals Cu and cisplatin, is yet poorly understood.
Ctr1 has a N-terminal extracellular domain carrying methionine-rich motifs. After coordination of Cu(I), the protein forms a trimer of dimers which features a pore with methionines on the inner surface through which Cu flows and reaches the intracellular C-terminus which is rich in histidines and cysteines [41, 42] . From here, Cu is delivered to chaperones. In all these steps, the Cu ion is present in a ligand-free ("naked") form, but can Pt use the same pathway and keep the ammines?
In order to address this question, we chose one of the methionine-rich motifs which characterize the extracellular domain of Ctr1 (MSGMSGM), with slight modifications [43] to make it more amenable to water solution investigations (MTGMKGMS, Mets7 hereafter), and performed the reaction with a selection of Pt complexes [44] . The investigation was performed using mainly electrospray ionization mass spectrometry (ESI-MS), NMR, and circular dichroism (CD). From ESI-MS it was clear, right from the beginning, that cisplatin loses one or both ammine ligands and finally coordinates to Mets7 in the naked form. This was confirmed by NMR. The 1 H/ 13 C heteronuclear single-quantum coherence (HSQC) spectrum presented in Fig. 2 reveals a large downfield shift of the ε-CH 3 and γ-CH 2 protons of methionines which suggests coordination to Pt of the S atom. Moreover, the 1 H/ 195 Pt heteronuclear multiple-quantum coherence (HMQC) spectrum confirms the coordination of S and the loss of the ammines in the case of cisplatin, but not in the case of inactive transplatin. Coordination of S and loss of the ammines also causes a dramatic upfield shift of the Pt resonance in the case of cisplatin, consistent with an (N/O)S3 set of donor atoms [44] .
The conformation of the peptide, after coordination to Pt, was investigated by CD. The free peptide has a Cotton effect typical of a random coil, after coordination to Pt, a nice spectrum typical of a β-turn is obtained. The modeled structure of the adduct (present work, Fig. 3 ) confirms the formation of two β-turns in the case of cisplatin (three methionines and a chlorido ligand bound to Pt).
In the case of carboplatin (present work), the reaction with Mets7 is much slower and causes the appearance, 24 h after mixing, of only a weak ESI-MS signal corresponding to the species [Mets7+Pt(1,1-cyclobutanedicarboxylato)] where Pt has lost both ammine ligands and kept the cyclobutanedicarboxylato. The loss of ammine ligands of carboplatin, although quite rare, has been previously reported for the reaction of this drug with the amino acid methionine [45] . The chelating effect of cyclobutanedicarboxylato, but not of the two ammines, may account for this reaction pathway. In contrast, in the reaction with oxaliplatin, another Pt drug currently used in chemotherapy, the methionines of Mets7 are able to efficiently displace the ethanedioato group, leaving the 1,2-cyclohexanediamine ligand bound to Pt. A further Pt(1,2-cyclohexanediamine) moiety can then bind to the peptide, thereby forming a second adduct, as indicated by ESI-MS spectra. The differences in reactivity between the various Pt complexes could be mainly ascribed, among other factors, to the nature of the Pt ligands, to the stability of the chelating rings and to the trans-labilizing effect of the Pt donor atoms.
Importantly, the differences in in vitro reactivity of Pt drugs with methionine-rich motifs may be reflected in a different spectrum of in vivo uptake and anticancer activity.
Going back to cisplatin, there appears to be a perfect parallelism with Cu: in both cases the metal ion is taken up by methionine-rich motifs in the naked form. This is fine for Cu, which, after translocation through the pore formed at the center of a Ctr1 trimeric complex, reaches the cytoplasmic end of the pore. The cytoplasmic domains may coordinate Cu and may be involved in its subsequent release to cytoplasmic carriers [46, 47] . A few predicted Cu binding residues, including at least one conserved cysteine residue, are present in these domains [48] . Chaperones can then deliver Cu to other proteins which use it directly (superoxide dismutase) or bring it to subcellular districts such as the mitochondrion (where it is taken up by cytochrome c oxidase) or to the Golgi (where it is taken up by ceruloplasmin, an iron oxidase) [49] .
On the other hand, Pt must keep the amine ligands in order to be active. For antitumor activity, a naked Pt ion would be useless. Therefore, the mechanistic basis of the implication of Cu metabolic pathways in cisplatin metabolism remains uncertain. Moreover, the observation that a Ctr1 mutant defective in Cu uptake enhances cisplatin accumulation, whereas a Cu transport-active Ctr1 mutant lacking all N-terminal methionine-rich motifs does not accumulate cisplatin, suggests that Ctr1 employs a different mechanism for Cu and cisplatin transport. Assuming that the N-terminal methionine-rich motifs play a role in Ctr1-mediated cisplatin uptake, it can be hypothesized that binding of cisplatin to the N-terminus of Ctr1 is followed by internalization which therefore represents the means for cisplatin uptake. Trafficking of the endocytic vesicles, which inglobate portion of extracellular solution with all chemicals there present, would then deliver these chemicals to subcellular districts and hence to the nucleus. Vesicle trafficking could also serve to protect the drug from attack by cytosolic platinophiles like metallothioneins (MTs) and glutathione (GSH), to mention only two (Fig. 4) .
It can be noted that a similar endocytic process has been suggested as an alternative pathway of Cu uptake. Following Cu binding to the methionine-rich amino terminal domain, Ctr1 is internalized through not yet fully understood mechanisms and via the endocytic pathways delivered to lysosomes. Eventually, Cu enters the cytosol through the function of metal transporters on the lysosomal membrane, such as NRAMP2 [50] and Ctr2 [51] .
Further elucidation of the mechanism of action and regulation of Ctr1 would lead to a better understanding of how Ctr1 can transport the essential metal Cu and the anticancer drug cisplatin and whether abnormal Ctr1 function and regulation are linked to the development of cisplatin resistance in cancer patients.
We could also show that not only the methionine-rich motifs which characterize the extracellular domain of Ctr1, but also MTs are able to sequester Pt as a naked metal ion. Furthermore, also a protein like cytochrome c, which contains on the surface just one isolated methionine residue, reacts with cisplatin displacing one ammine ligand thus inactivating the antitumor drug.
The role of metallothioneins
Although GSH is the most abundant intracellular thiol, its reactivity with Pt compounds is ~50 times lower than that observed with MT [52] ; this makes MT a highly effective intracellular scavenger of Pt II drugs which may explain the dramatic resistance increase in cancer cells upon its overexpression [53] . In a recent study, it was shown that human Zn 7 MT-2 reacts faster with Pt(II) compounds having transgeometry (trans-Pt) than with those having cis-geometry (cis-Pt), however, while trans compounds retained their N-donor ligands (thus remaining in a potentially active form), all ligands in cis-Pt compounds were replaced by cysteines thiolates (Fig. 5) . Moreover, it was demonstrated that the steric hindrance of the Pt ligands represents the major factor influencing the rate of reaction of the Pt drugs with Zn 7 MT-2 [54] . The released Zn could also act as efficient activator of MT-2 transcription, leading to even higher expression of this protein [54] , and therefore potentiating the resistance of cells. MTs are also good chelators of Cu [55, 56] ; therefore, once more the metabolisms of Pt and Cu result interdependent.
Other proteins
Several other proteins like serum albumin [57] [58] [59] , ubiquitin [60] [61] [62] , myoglobin [61, 62] , transferrin [63, 64] , superoxide dismutase [65, 66] , lysozyme [67] , and cytochrome c [68] have been shown to coordinate cisplatin and transplatin mainly through methionine, cysteine, or histidine, and in some instances also through a threonine residue. A single methionine appears to be the preferential binding site in the case of cytochrome c (Met 65), which therefore appears to be a quite simple model for this type of investigation [69] . Once more, a striking difference has been observed between cis-Pt and trans-Pt complexes. While trans-Pt compounds retain both N-donor ligands, cis-Pt species lose one "nonlabile" ligand, thus resulting inactivated (Fig. 6 ).
CONCLUSIONS
The biological and pharmacological implications of the protein-metallodrug interactions are just being unraveled and call for a wider and deeper investigation which, ultimately, can clarify the full role proteins play in transport, accumulation and pharmacological action of Pt drugs.
The known high affinity of Pt compounds for S atoms and the great abundance of S-containing biomolecules in the cytosol and in the cell nucleus have raised the question whether Pt-S interactions could serve as a drug reservoir affording an additional pathway toward platination of DNA [70, 71] . In the light of latter results, this possibility appears to be quite unlikely.
The processing of metallic compounds (including exogenous metallodrugs) by the cell machinery should also be within the scope of metallomics. 
EXPERIMENTAL SECTION Modeling
The structural models of the adducts of the octapeptide Mets7 (MTGMKGMS) with cisplatin was obtained with the minimization protocol of the program PSEUDODYANA [72] . Structure calculations were performed by linking the Pt ion to the appropriate ligand group (i.e., M1, M4, M7, and Cl -) and constraining the metal-ligand bond length in the range 2.2-2.4 Å for S donor methionine and for chlorido ligands, according to X-ray absorption spectroscopy (XAS) data (unpublished results). The Pt ion and the Cl -ligand were introduced in the PSEUDODYANA library as nonstandard residues. The Pt geometry was imposed to be square planar. Model analysis and display were performed with the program MOLMOL [73] .
Electrospray mass spectrometry
The reaction of the octapeptide Mets7 with carboplatin and oxaliplatin was followed by ESI-MS. ESI-MS was performed with an electrospray interface and an ion trap mass spectrometer (1100 Series LC/MSD Trap system Agilent, Palo Alto, CA). Aliquots of reaction mixtures of Mets7 with the two Pt complexes were removed at different times after mixing, diluted to a final concentration of 20 µM and infused via a KD Scientific syringe pump at a rate of 10 µL/min. Ammonium acetate 5 mM was also added in order to obtain a good volatilization in mild acidic conditions (pH 6). Ionization was achieved in the positive ion mode by application of +4 kV at the entrance of the capillary; the pressure of the nebulizer gas was 15 psi. The drying gas was heated to 350 °C at a flow of 5 L/min. Full-scan mass spectra were recorded in the mass/charge (m/z) range of 50-1500. Isotopic distributions were calculated with the program Molecular Weight Calculator (<http://ncrr.pnl.gov/software/>).
Materials
The peptide Mets7, acetylated at its N-terminus, was purchased from GenScript Corp. The purity was validated to be greater than 98 % by analytical high-performance liquid chromatography (HPLC), and the mass was confirmed by ESI-MS. Calcd for C 34 The complexes carboplatin and oxaliplatin were purchased from Sigma-Aldrich Corp. Stock solutions at mM concentration were prepared by dissolving the lyophilized peptide and the Pt complexes in nanopure water. All reaction mixtures were obtained with equimolar amounts of Mets7 and Pt complex.
